The synthesis of metal (Fe, Co, Ni)-encapsulated carbon nanomaterials coated with cyclam-bonded silica has been described.
Introduction
Development of environmentally friendly methods attracts great attention in the chemical industry. A large number of technological processes involve production of waste and toxic effluents. As the level of heavy metal ions in wastewater increases, their presence becomes a serious risk to human health and to ecological systems since heavy metals are characterized by a nonbiodegradability and a tendency to accumulate in living tissues [1, 2] . Different methods have been developed to remove metals from water media [3] [4] [5] [6] . However, solid phase extraction is the most popular separation method because of several advantages over other techniques [7] . The method is fast and simple, it is characterized by good enrichment factors, high selectivity, ease of automation, low disposal cost and extraction time [8] .
The extraction process and the enrichment of trace metal ions in environmental samples are carried out by different solid supports. However, silica gel is the most popular one and offers several advantages because it shows no swelling nor shrinking, has good mechanical strength and heat-stability [9] [10] . The functionalization of silica gel surface by different organic groups allows for removal of metal ions from aqueous media. Recently, silica gels modified with various chelating agents such as cyclams have been reported as solid phase extractants [11] [12] [13] [14] [15] . Polyazamacrocycles are able to form stable complexes with various guests. 1,4,8,11-tetraazacyclotetradecane (cyclam) forms complexes with transition metal cations [16, 17] . The macrocyclic ligand cyclam forms very stable complexes especially with nickel(II) and copper(II) [18] . The most popular silylating agent that allows cyclam (amine) incorporation onto to the silica surface is 3-glycidoxypropyltrimethoxysilane (GPTS) [19] . The incorporation of cyclam onto solid support allows preconcentration of some ions, like copper(II), cobalt(II), nickel(II) etc. Bagnoud [20] studied the chromatographic behaviour of the stationary phase loaded with Cu(II). Denat [21] investigated cobalt complexes with cyclam. Gros [22] obtained different silica-gel-bound polyazacycloalkanes for copper complexing. Dubois [23] applied different methods for cyclam incorporation into silica gel and studied their complexes with Cu(II) and Co(II). Sujandi [24] used Co(III) cyclam-functionalized mesoporous silica for aerial oxidation of ethylbenzene. Cuenot [25] used N-carbamoylmethyl substituted cyclam immobilized on silica gel to remove lead from drinking water.
Much interest is also devoted to combinations of different matrices. Previously, we used magnetic solid supports for sodium cation scavenging [26] . Magnetic sorbents are able to treat large number of wastewater in a short period of time and they are easily separated from wastewater [27] . Therefore, cyclam functionalized silica gel nanomaterials imparted with magnetic properties, as adsorbents will be of much interest for treating wastewater given their large surface area. In this paper we report the synthesis of Fe, Co or Ni-encapsulated carbon nanomaterials bearing cyclam-functionalized silica, which are also characterized by magnetic properties. The inorganic cover on carbon nanomaterials is formed in the sol-gel process, which precludes structure destruction. Further functionalization of silica is carried out by chemical modification of the surface. We used the supports to separate copper(II) ions from water solutions. The results indicate that the supports studied extract copper(II) selectively in the presence of coexisting metal ions.
Experimental Procedure

Chemicals and apparatus
The perchlorates Ca(II), Co(II), Cu(II), Mn(II) and Ni(II) were commercial products of Aldrich and were used without any purification. Double distilled water was used for solution preparation. The IR spectra were recorded on IFS 66v/s FT-IR spectrophotometer (Bruker), equipped with a MCT detector (128 scans, resolution 2 cm -1 ). Elemental analysis of the supports studied was carried out on a Vario ELIII (Elementar, USA) analyzer.
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) from Varian was used to determine the concentrations of metal ions before and after preconcentration.
A glass tube of 3 mm×5 mm packed with 40 mg of the sorbents 1-3 was used as a chromatographic column.
Synthesis of the supports
Magnetic, metal (Fe, Co, Ni)-encapsulated, silica coated carbon nanomaterials (Fe, Co or Ni-C-SiO 2 ) were prepared according to the procedure described previously [28] . Nanocrystalline iron was obtained by a fusion of magnetite in an electric furnace with a small amount of promoter oxides, while nanocrystalline cobalt and nickel were obtained from cobalt(II) nitrate and nickel(II) nitrate by addition of a small amount of calcium and aluminum nitrates. All catalysts, before ethylene decomposition, were reduced polythermally. After this treatment the hydrogen flow was replaced by ethylene. The functionalized silica coating was obtained following the procedure outlined in Scheme 1. An aqueous solution of sodium silicate (27% SiO 2 in 14% NaOH) (Aldrich) was used in the sol-gel technique to cover carbon nanomaterials surface with a uniform layer of silica/silicate.
2.0 g of metal (Fe, Co, Ni)-encapsulated, silica coated carbon nanomaterials was reacted with 2 mL of the silylating agent, 3-glyciodoxypropyltrimethoxysilane (from ABCR chemicals) in toluene under reflux. After filtering and washing, the solid was dried. Then, 2.0 g of this product was reacted with 0.4 g of 1,4,8,11-tetraazacyclotetradecane (cyclam) (Aldrich) in distilled water and the solid filtered, washed and dried to obtain metal (Fe, Co, Ni)-encapsulated carbon nanomaterials bearing cyclam-functionalized silica (Fe, Co or Ni-C-SiO 2 -CYCLAM), products 1-3 respectively.
Batch procedure
A known weight of (5.0-20.0 mg) sorbent under study was added to 10 mL metal ion solution of desired pH value. The mixture was stirred for a period of time (5-120 min) at room temperature. Then the solutions were centrifuged and the supernatants were used to determine metal ions concentration by ICP-MS.
The stability of the supports studied was estimated by adding 10.0 mg of the sorbents to organic solvents (methanol, methylene chloride) and 6 mol L -1 HCl and H 2 SO 4 solutions respectively. The mixtures were stirred for 60 minutes. Then the washed and dried solid supports were used to study the adsorption of different cations.
Column method
A chromatographic column was packed with 50 mg sorbent being studied. 20 mL of the copper(II) solution (pH 7) was passed through the column. The sorbed Cu(II) ions were desorbed by passing 20 mL of 0.3 mol L -1 HNO 3 . The concentration of copper(II) ions in the eluate was determined by ICP-MS.
Formulae
The amount of ligands attached to the surface of silicagel L o (mmol g -1 ) was calculated from the percentage of nitrogen in the sorbents studied using the following equation:
where %N is the weight percentage of nitrogen in the solid support, n -the number of nitrogen in the solid support.
The following parameters were calculated from the batch experiments: adsorption capacity Q (mg g -1 ), extraction percentage E (%), distribution ratio of the metal studied D (mL g -1 ) and selectivity coefficient for copper (Cu) (α Cu/M ) with respect to the other metals (M) [24] .
where C i and C f represent the initial and final concentrations of metal ions (μg mL -1 ) respectively; Vthe total volume of metal solution (L); W -the mass of the modified silica gel (g).
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Results and Discussion
Characterization of the supports studied
The supports studied were identified by FTIR spectroscopy and elemental analysis. The spectra of supports 1-3 were similar, differing slightly in signal intensities. of silanol groups and adsorbed water. A band appearing at 1630 cm -1 was attributed to angular vibrations of the water molecule. Another characteristic band at 960 cm -1 , which corresponds to silanol deformation, is very sensitive to the immobilization process. As a result of the reaction with silane coupling agent, an additional band was observed at 2920 cm -1 (region of C-H stretching vibrations of alkyl groups). Typical N-H bands in the range of 3400-3300, 1650-1550 and 850-700 cm -1 , were overlapped and difficult to identify. However, the intensity of the band at 960 cm -1 decreased significantly as a result of organic functionalization of silica surface. Silane alkoxide groups participated in the immobilization process. Moreover, the bands typical of the epoxide moiety (1250 and 820 cm -1 ) were not observed in the final products of the synthesis process-the supports 1-3.
The results of elemental analysis of the sorbents studied are summarized in Table 1 . Percentages of the surface modifications by the organic layer are comparable. The amount of ligands attached to the silica surface was estimated by determination of the percent of nitrogen on the sample surface at: 0.19; 0.23 and 0.17 mmol g -1 for supports 1, 2 and 3 respectively. According to the results obtained, the synthesis procedure followed here guarantees high degree of functionalization of the silica layer.
Cation adsorption
Before the studies of the adsorption ability of sorbents 1-3, several parameters of the samples were analyzed. Stability of the supports studied was evaluated by treatment with a number of organic solvents (CH 3 OH; CH 2 Cl 2 ) and aqueous solutions of H 2 SO 4 and HCl. A portion (10 mg) of each of sorbent 1-3 was added to different organic solvents and aqueous acidic solutions. The content was stirred for 60 minutes. The structure of the modified silica surface was confirmed by FTIR spectroscopy and elemental analysis. No difference in chemical structure was observed in the samples before and after chemical treatment. Then the chemically treated supports were used for complexing studies of copper(II). Again, no difference in the extraction percentage was observed in the samples before and Another important factor influencing the sorption of metal ions by functionalized solid support is the pH value. The sorption of metal ions by the sorbents 1-3 was examined at different pH values (1-7) and the results are presented in Figs. 2-4 , respectively. At low pH (1-3) the adsorption percent of all metal ions was low because of protonation of functional groups. Above pH 3.0, the sorption of copper and nickel ions increased as the protonation became weaker. However, the extraction of other ions (Ca, Co, Mn) remained insignificant in the pH range considered. The optimum pH value for copper(II) ions extraction was 5.0, at which a maximum sorption was achieved. Additionally, an increased extraction of Ni(II) ions was also observed at pH>3 but the adsorption maximum at pH 5.0 was at least four times lower compared with Cu(II) adsorption. The sorption studies at pH>7 were not carried out due to the tendency of hydrolysis of divalent ions in strong alkali. Therefore, pH 5.0 was chosen as the optimum value for further experiments.
The optimum contact time for the extraction of copper(II) ions was searched for in the range of 5-120 min. An increase in the percent of ion extraction was observed after 30 minutes of stirring. A contact time longer than 60 min did not change the degree of extraction of Cu(II) significantly. Therefore, 60 minutes was chosen as the optimum contact time for batch experiments.
The effect of another important factor, amount of the sorbents under study that were added to 10 mL of copper(II) solution, was tested in the range from 5.0 to 20.0 mg. Sufficient extraction of Cu(II) was observed using 10.0 mg of the sorbents studied and this weighted amount was applied to further studies.
Finally, the influence of coexisting ions (Ca, Co, Mn, Ni) on copper adsorption was studied at the optimum conditions. At pH 5.0, the sorbents studied were characterized by excellent selectivity for Cu(II). Sorbents 1 and 2 demonstrated similar adsorption capacities of greater than 90% of copper(II) ions. Relatively lower adsorption of ~70% was observed for sorbent 3. The differences observed could be explained by a different degree of silica surface modification by the organic layer. According to the elemental analysis data, the amount of ligand attached is comparable for all sorbents studied. Nevertheless, the effectiveness of copper(II) adsorption by individual sorbents increased with increasing percent of surface modification, in the following order 3<1<2. The adsorption process of 20% for nickel ions was less effective when compared to the copper extraction percent amongst all sorbents studied. The selectivity coefficients of copper(II) with respect to the other coexisting ions were calculated ( Table 2 ). The selectivity coefficients of Cu(II) with respect to Ni(II) was relatively lower (about 100) in comparison with the other ions. However, the effectiveness of copper(II) ions extraction by the supports was significantly greater than nickel(II) and sorbents 1-3 could be considered for selective sorption of Cu(II). The presence of immobilized cyclic polyamine (cyclam) functional group at the silica surface determines the extraction of copper(II) and nickel(II) ions from the solution.
Any solid support capable of ion adsorption could find application in industry if it could be regenerated and reused. Therefore, the possibility of regeneration and re-use of the sorbents was tested by the chromatographic column method. Copper(II) solution was passed through the column at the flow rate of Cu(II) 1.0 mL min -1 . Then 0.3 mol L -1 HNO 3 solution at the flow rate 0.2 mL min -1 was applied to eluate Cu(II) retained in the column. Acidic condition allows the protonation of amino groups of cyclam, which participate in metal ion absorption. Thus metal ions are replaced by protons. The concentration of Cu(II) in the eluent was determined by ICP-MS and the recovery of the metal ion was not much lower when compared with the adsorption percent of copper(II) ions by the sorbents studied. Analogous procedure for the same column packing was repeated several times and the recovery of Cu(II) ions was comparable each time.
The purification process of wastewater is usually carried out in a suspension, which requires an additional separation step to remove adsorbents from solution. The magnetic properties of the supports under study (Fig. 5) facilitate their application in solid phase extraction when compared to non-magnetic solid sorbents. The ability of cation removal from water solutions is crucial for their application in extraction process. Therefore, the modified silica surface must be able to extract desired ions and in this study, the removal of adsorbed ions on solid support surface is simplified. The use of magnets in the solution allows for fast and easy separation of the purified liquid from the sorbent applied, which reduces cost of the process significantly.
Conclusions
In summary, the paper reports the synthesis and characterization of new solid supports for copper(II) ions extraction from water solutions. The effectiveness of ion adsorption strongly depends on the pH value and optimum sorption is observed at pH 5.0. The capacity of sorption of nickel(II) ions is relatively lower if compared with that of copper(II) ions, which shows the selectivity of sorbents 1-3 towards Cu(II). The magnetic, metalencapsulated carbon nanomaterials having silica layer functionalized by cyclam represent very stable supports that can be easily removed from the solution, regenerated and reused several times.
